The aim of this study was to evaluate the effect of dietary oxysterols on coronary atherosclerosis and vasospasm. Golden Syrian hamsters were fed three diets with different lipid contents for 3 months: (1) a normolipidaemic diet containing 25 g corn oil -fish oil (4:1, w/w)/kg (group Low L); (2) a hyperlipidaemic diet composed of the normolipidaemic diet supplemented with 150 g lard þ 30 g cholesterol/kg (group High L); (3) a third diet, similar to the hyperlipidaemic diet, in which 4 g cholesterol/kg was replaced by a mixture of oxysterols (group High L þ OS). The oxysterol mixture contained (g/kg): 5,6a-epoxycholesterol 211, 5,6b-epoxycholesterol 179, 7a-hydroxycholesterol 67, 7b-hydroxycholesterol (7bOH) 185, 7-ketocholesterol (7 K) 235; and trace amounts of 7-hydroperoxycholesterols (approximately 30 g/kg). Atherosclerosis was evaluated by measuring myocardial Ca, oxysterols and acyl-CoA cholesterol acyl transferase (ACAT) activity; furthermore, coronary reactivity to sodium nitroprusside ð5 £ 10 26 mÞ was measured and the morphology of coronary arteries was visualized by transmission electron microscopy. Coronary spasm was determined by evaluating reactivity to serotonin ð5 £ 10 26 mÞ. Feeding the high-lipid diet (group High L) increased the plasma level of 7bOH, 7 K and cholestanetriol. The presence of oxysterols in the diet (group High L þ OS) further increased the concentrations of 7bOH and 7 K in the plasma. However, as evidenced by myocardial Ca, ACAT activity and coronary reactivity to sodium nitroprusside, severe atherosclerosis did not develop during the 3-month diet. 7 K was increased in myocardial lipids of groups High L and High L þ OS. Electron microscopy did not show the development of atherosclerosis in group High L, whereas vascular wall thickening, endothelial damage and smooth muscle cell proliferation and migration occurred when oxysterols were present in the food. Serotonin ð5 £ 10 26 mÞ induced exacerbated coronary vasoconstriction in group High L that was completely reversed by dietary oxysterols. In conclusion, dietary oxysterols exhibit antispasmodic properties, but they cannot be used as agents against excess dietary lipid-induced coronary spasm because of their atherogenic properties.
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Coronary arteries: Dietary oxysterols: Atherosclerosis: Vasospasm
Cholesterol oxidation products, also called oxysterols (OS), are formed in the diet during the heating (Chien et al. 1998 ) and storage of cholesterol-rich foods. They are found in noticeable amounts in egg powder, several cheeses, milk powder, lard-fried French fries and other meat-containing dishes (Peng & Taylor, 1984; RoseSallin et al. 1995; Brown & Jessup, 1999) . Their potential atherogenic properties have been mentioned throughout the last century (Anitschkow, 1913; Imai et al. 1976; Peng et al. 1978 Jacobson, 1987 . Dietary OS are absorbed and carried to the organs by LDL and albumin, but they are not only supplied by food. They can also be synthesised in vivo, either by autoxidation or by enzymatic reaction (Smith, 1996) . The proportion of OS provided by food as compared with those formed in vivo is difficult to determine. However, the cholesterol oxidation products synthesised in vivo may be responsible for the atherogenic effect of excess dietary cholesterol (Bjorkhem et al. 1991; Hodis et al. 1992; Inouye et al. 1998) . In the organism, cholesterol is carried to the organ by plasma LDL. LDL can be oxidatively modified in the blood or in contact with the cells (Axelson & Larsson, 1995; Cader et al. 1997; Dyer et al. 1997) , which allows the formation of OS. When in contact with vascular cells, OS exhibit a potent toxic effect, resulting in cell death (Hugues et al. 1994; Colles et al. 1996; Nishio et al. 1996) , loss of endothelial permeability (Boissonneault et al. 1991a,b) , LDL invasion in the vascular wall and formation of fatty streaks (Campbell & Campbell, 1997) . This initiates the atherosclerotic process. They are thus suspected to initiate atherosclerosis via apoptosis of endothelial cells (Lizard et al. 1996) . A high surplus of plasma cholesterol and saturated fatty acids can accelerate the atherogenic process after initiation by dietary or endogenously-synthesised OS. Numerous studies have been carried out to evaluate the effect of dietary OS on atherosclerosis (Brown & Jessup, 1999) . A part of them have concluded that dietary OS are strong atherogenic agents (Imai et al. 1976; Shih, 1980; Staprans et al. 1998 ). However, several other studies have shown that dietary OS reduce the severity of atherosclerosis induced by excess dietary lipids (Arakami et al. 1967; Tipton et al. 1987) . These discrepancies might be due to the type of OS tested and/or the vessel studied. It is not known if the inducers of atherosclerosis are the same in the large vessels (aorta, carotids or femoral arteries) and coronary arteries.
Acute myocardial infarction can also be due to coronary vasospasm (Lip et al. 1998; Canavy et al. 1999) . Coronary spasm is responsible for ischaemia, myocardial infarction, arrhythmia and sudden death (Fuertes et al. 1998; Lowe et al. 1998) . It can occur in a wide variety of situations (Goldstein et al. 1998; Yoshitomi et al. 1998; Caputo et al. 1999; Jeremias et al. 1999; Kugiyama et al. 1999) , including excess physical training, surgical interventions and drug therapies. The reasons for its occurrence remain unclear, but its incidence is far from being negligible. Abnormalities in serotonin metabolism are involved in this pathology (Henry & Yokoyama, 1980) . Since OS modulate the reactivity of aorta to several pharmaceutical agents (Deckert et al. 1997) , they could affect the severity of vasospasm.
The aim of the present study was to develop a model of coronary atherosclerosis and to evaluate the effect of dietary sterols (cholesterol and OS) on coronary atherosclerosis and vasospasm. Coronary vessels were chosen as a target for this study, since their obstruction can lead to sudden death. To evaluate the severity of coronary atherosclerosis, several variables were studied. Since we were not able to predict the degree of atherosclerotic development susceptible to occur, several variables characteristic of early and severe atherosclerosis have been chosen. AcylCoA cholesterol acyl transferase (ACAT) activity that is rapidly increased during atherosclerosis (Gillies et al. 1986 ) and visualization of coronary arteries by transmission electron microscopy have been chosen for evaluation of early atherosclerotic development. Myocardial Ca (Jacobson et al. 1985; Sima et al. 1990 ) and coronary reactivity to sodium nitroprusside (Hein & Kuo, 1998) have been used to diagnose severe atherosclerosis. Since serotonin is involved in vasospasm (Henry & Yokoyama, 1980) , the severity of coronary spasm was evaluated by infusing this agent ð5 £ 10 26 mÞ in the isolated heart and by determining the reduction in coronary flow.
Materials and methods

Animals and diets
The present study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health, 1985) . Sixty weaning male Golden Syrian hamsters of Charles River's breeding were used. Other strains of hamsters more sensitive to atherosclerosis (Nicolosi, 1997; Nicolosi et al. 1997 ) could have been chosen. As compared with other strains, Charles River's hamsters exhibit a low level of plasma LDL (Trautwein et al. 1993) , which explains their low sensitivity to atherosclerosis. The interest in this strain is that if dietary OS are highly atherogenic, they should induce the development of the pathology. Weaning hamsters were chosen for two reasons: (1) coronary atherosclerosis begins early in the life of human subjects (Stary, 1994) ; (2) adaptation to a semisynthetic diet was easier in young hamsters. The animals were housed in individual cages in controlled animal housing. They were assigned to three groups of similar weight average (43·6 (SEM 0·2) g). The animals were fed ad libitum three diets with different lipid contents for 3 months. The low-lipid diet (Low L) was composed of (g/kg): casein 230, wheat starch 360, sucrose 285, cellulose 35, minerals 50, vitamins 15, corn oil -fish oil (4:1 w/w) 25. A carbohydrate-rich diet enriched with n-3 polyunsaturated fatty acids was given to the control group in order to avoid the development of coronary atherosclerosis (Israel & Gorlin, 1992 DL-methio- nine 0·2, p-aminobenzoic acid 0·01, inositol 0·02. The high-lipid diet (High L) was composed of the low-lipid diet supplemented with 150 g lard + 30 g cholesterol/kg. In order to get a significant increase in LDL-cholesterol in the hamsters (near to that observed in human subjects), a high-lipid diet was prepared by modifying the control diet through the supplementation with 150 g lard (saturated fat) and 30 g OS-free (checked by chromatography analysis) cholesterol/kg, which represents a huge amount of cholesterol as compared with usual protocols (Asami et al. 1999) . This high-lipid diet was chosen to verify whether excess OS-free cholesterol induces coronary atherosclerosis. Saturated fatty acids (150 g/kg) were added in this diet, since it is known that these fatty acids aggravate the development of atherosclerosis. Using a similar diet, Sima et al. (1990) induced the occurrence of coronary atherosclerosis, but the purity of cholesterol was not tested in their study. The cholesterol used for the present study was analysed to test its purity. The presence of OS was evaluated with the method described further. The dietary cholesterol was absolutely devoid of any trace of OS. The high-lipid diet enriched with OS (High L þ OS) was similar to the High L diet, except that 4 g cholesterol/kg cholesterol (0·1 g/kg diet) were replaced by a mixture of OS. When expressed as a percentage of the cholesterol level, the dietary supply of OS in human subjects is similar. The mixture of OS was obtained by heating (1358C) cholesterol dissolved in a lipid matrix (lard) under a carbogen (O 2 -CO 2 (95:5, v/v)) stream for 48 h. The fatty acids were saponified and the sterol fraction was extracted with dichloromethane and water. Complete extraction was achieved when the pH of the aqueous phase was neutral. The OS profile of the diet is presented in Fig. 1 . As analysed by GC, it contains (g/kg total OS): 7a-hydroxycholesterol 67, 7b-hydroxycholesterol 185, 5,6a-epoxycholesterol 211, 5,6b-epoxycholesterol 176 and 7-ketocholesterol 235. 25-Hydroxycholesterol was not detected. The method used to produce the OS should also promote the formation of 7-hydroperoxycholesterols that could not be detected by GC analysis. To verify if hydroperoxycholesterols were formed during the procedure of OS synthesis, the final mixture was separated by silicagel TLC using a mixture of hexane -tert-butyl methyl ether-methanol -acetic acid (90:20:3:2, by vol.) as an eluant. The separation allowed the detection of seven spots. Each spot was collected and extracted with hexane. The compounds were then silylated and analysed by GC. Each spot was characterized, except the seventh that was not detected in GC. To find out whether this spot contained hydroperoxycholesterols, it was reduced with NaBH 4 according to the method of Malavasi et al. (1992) . After silylation, the compound detected by GC and MS was 7a-hydroxycholesterol. This indicates that the seventh spot was 7-hydroperoxycholesterols. The amount was low (less than 30 g/kg total OS). Even with hydroperoxycholesterols, the sum of OS in the mixture is only 900 g/kg OS. The remaining products separated by GC were not present in sufficient amount to be recognized and quantified. They probably were other OS. To avoid peroxidation in the diet, the chow was prepared and totally replaced every 2 d. As evaluated by GC, cold storage of the lipid fraction did not promote the formation of OS during the duration of the experiment. Similarly, storage of the diet in the cages at room temperature for 2 d did not cause the oxidation of cholesterol.
Heart perfusion
After being fed the diet for 3 months, the hamsters were anaesthetized with sodium pentobarbital (60 mg/kg) and heparinized (850 IU). Blood samples were collected through the abdominal aorta. The samples were centrifuged (500 g, 10 min, 48C) and the plasma was collected. 2,6-ditert-butyl-4-methylphenol solution (1 ml/l ethanol) was added to the plasma samples. After rapid thoracotomy, the heart was removed and immediately placed in a cold Krebs -Heinseleit buffer until cessation of beating. It was perfused isovolumetrically at constant pressure (60 mmHg) according to the Langendorff mode with a Krebs -Heinselet buffer containing (mM): NaCl 118, KCl 5·6, CaCl 2 1·9, MgCl 2 1·2, NaHCO 3 20, KH 2 PO 4 2, and glucose 11. During the perfusion period, the heart was electrically paced (220 beats/min). The heart was perfused under basal conditions for 15 min. Thereafter, different pharmaceutical agents (sodium nitroprusside and serotonin) were infused at a rate never exceeding 1 % of the Fig. 1 . Oxysterol profile of the hyperlipaemic diet plus oxysterols (High L + OS). In the other diets (Low L and High L), no oxysterol was present. For details of diets and procedures, see p. 448. 1,7a-hydroxycholesterol (67 g/kg total oxysterols); 2,19-hydroxycholesterol (internal standard); 3,7b-hydroxycholesterol (185 g/kg total oxysterols); 4,5,6b-epoxycholesterol (176 g/kg total oxysterols); 5,5,6a-epoxycholesterol (211 g/kg total oxysterols); 6,7-ketocholesterol (235 g/kg total oxysterols).
coronary flow. The final concentration of these agents was 5 £ 10 26 m; since it caused maximal changes in coronary flow without noticeably affecting left-ventricular-developed pressure. These pharmacological solutions were prepared extemporaneously, before each infusion. Throughout perfusion, left-ventricular-developed pressure was recorded with a latex balloon inserted into the left ventricle and connected to a pressure gauge, amplifier and recorder. The coronary flow was evaluated by weight determination of 30 s samples collected every min. Before the end of the perfusion, a bolus (0·6 ml) of albumin-bound (fatty acid: albumin ratio 0·11) [1-
14 C]palmitate (palmitate concentration 1·1 mM, total radioactivity 30 kBq/ ml) was injected directly into the coronary bed. The heart was then perfused with non-radioactive Krebs -Heinseleit buffer for 2 min. Thereafter, it was freeze-clamped in liquid N 2 . The heart was stored at 2808C until biochemical analysis (determination of cardiac OS, myocardial Ca and ACAT activity). Twelve hearts were perfused in each group.
Myocardial calcium
Each perfused heart was pulverized in liquid N 2 . A first portion (100 mg) made it possible to determine myocardial dry weight, a second portion (200 mg) allowed the evaluation of ACAT activity and a third portion (150 mg) was used to quantify myocardial calcium or OS. The assay of cardiac Ca was carried out with six samples of pulverized myocardium in each group. Myocardial Ca was extracted with perchloric acid (final concentration 0·6 M). Ca crystals were solubilized by heating the homogenate at 808C for 1 h. After cooling, the homogenate was centrifuged (500 g, 20 min, 48C). Total Ca was quantified in the supernatant fraction by flame photometry (Elex 6361, Eppendorff, Roucaire, Veluzy, France).
Incorporation of [ 14 C]palmitate in cardiac lipids
The assay was carried out in each perfused heart to estimate the activity of ACAT that allows the incorporation of fatty acids in cholesteryl esters. A portion of the pulverized myocardium (200 mg) was extracted with perchloric acid (final concentration 0·6 M). The homogenate was centrifuged (500 g, 20 min, 48C). The supernatant fraction, containing acid soluble compounds resulting from [ 14 C]palmitate b-oxidation. Its radioactivity was evaluated with a liquid scintillation counter (2000CA Tri-Carb; Packard, Groningen, The Netherlands) with ACS II as a scintillation fluid (Amersham International, Amersham, Bucks., UK). The results were corrected for the quenching activity. The pellet contained total cardiac lipids. They were extracted according to Folch et al. (1957) . The radioactivity of the aqueous phase was determined. It contained radioactive amphiphile molecules such as palmitoylcarnitine and palmitoylCoA. The lipid phase was evaporated and the lipids were dissolved with 1 ml chloroform -methanol (1:1, v/v). Total lipid radioactivity was quantified in an aliquot (200 ml). Myocardial incorporation of [ 14 C]palmitate was estimated as the sum of the radioactivity of different extraction compartments (acid-soluble, aqueous and lipid phases). The remaining lipid extract was used to separate the different lipid classes by TLC (Brown & Johnston, 1962) . Elution was carried out with hexanetert-butyl methyl ether -methanol -acetic acid (90:20:3:2, by vol.). Polar lipids, diacylglycerol, free fatty acids, triacylglycerol and cholesteryl esters were detected with pure standards. The radioactivity of each lipid class was determined with a radioscanner (Berthold, La Queue-Lez-Yvelines, France). ACAT activity was estimated as the radioactivity incorporated in the cholesterol ester fraction divided by the myocardial incorporation of [ 14 C]palmitate.
Quantification of cholesterol and oxysterols
Total lipids were extracted from each plasma sample according to Moilanen & Nikkari (1981) . In order to determine cardiac sterols, the frozen powder of six hearts was randomly selected from each group. Two were pooled for each assay, because of the small size of the heart (approximately 0·5 g wet weight) and need of other biochemical analysis. Their lipids were extracted according to Folch et al. (1957) with chloroform -methanol (2:1, v/v). 19-Hydroxycholesterol was added as an internal standard. Lipids were saponified with 2M-KOH in methanol over night at room temperature. The unsaponified fraction was extracted with tert-butyl methyl ester. For the plasma, an aliquot of the unsaponified fraction was transformed into trimethylsilyl ethers and injected into a GC to quantify the cholesterol. OS were purified on silica cartridges (LC-Si SPE 3 ml; Supelco, Sigma Aldrich, L'Isle d'Abeau Chesnes, France) according to the method of Lai et al. (1995) modified as follows: cholesterol and other contaminants were eliminated using 35 ml hexane -tert-butyl methyl ester (90:10, v/v) and 15 ml hexane -tert-butyl methyl ester (80:20, v/v) . OS were then recovered using 5 ml acetone. After the evaporation of acetone, the samples were transformed into trimethylsilyl derivatives with pyridine and N,O,bis(trimethylsilyl)trifluoroacetamide -trimethyl chlorosilane (99:1, v/v) at 608C for 30 min. Volatiles were evaporated under N 2 and the residue was dissolved in hexane and analysed by GC. The OS were injected with a solvent-venting injector. The column was 30 m long. Its i.d. was 0·32 mm and it was filled with DB5 (0·25 mm; J and W, Folsom, CA, USA). He was used as a vector gas at a pressure of 80 kPa. The temperature of the injector and detector was 2908C. Sterol separation was carried out isothermally at 2758C. The sensibility of the method was high (1 ng OS per peak). The structure of the compounds was checked by GC -MS using a Hewlett-Packard (Palo Alto, CA, USA) 5970 mass selective detector. A 30 m £ 0·25 mm i.d. HP-5 column was used. The MS was operated at ionization energy of 70 eV. Mass spectra were recorded between 100 and 700 amu. Using a cholesterol-rich sample devoid of OS, we verified that OS were not produced from cholesterol during the analytical procedure.
Transmission electron microscopy
Because of the repeatability of the results, only three hamsters were selected randomly from each dietary group.
After anaesthesia and heparinization, the hearts were immediately perfused according to the Langendorff method at a pressure of 100 mmHg with sodium cacodylate buffer (100 mM, pH 7·4) containing glutaraldehyde (25 g/l). Pieces of myocardium including the main coronary artery were dissected in the fixative solution (25 g glutaraldehyde/l 100 mM-cacodylate buffer, pH 7·4) and the sample was fixed for 4 h at 48C. After rinsing in the same buffer, samples were post-fixed in 10 g osmium tetroxide/l 100 mm-cacodylate buffer (pH 7·4) for 1 h at 48C. They were then dehydrated in an ethanol series (up to 100 %) followed by propylene oxide and embedded in Epon (Touzart et Matignon, Couretaboeuf, France). Sections were cut on an Ultracut E ultramicrotome (Reichert, Vienna, Austria). Thin sections were collected on Cu grids and subsequently stained with uranyl acetate (25 g/l) for 20 min followed by lead citrate for 10 min. Sections were examined with a Hitachi H600 (Hitachio, Tokyo, Japan) electron microscope operating at 75 kV. In each heart, fifteen sections obtained at different levels in the middle portion of the right coronary artery were observed by transmission electron microscopy to visualize the greatest portion of artery.
Statistical analysis
The results are presented as mean values with their standard errors. The data were submitted to one-way ANOVA (Dagnelie, 1975) describing the effect of the diet (Def). Since the normolipaemic and hyperlipaemic diets differed by two factors (type of fatty acids and amount of lipids), the effect of hyperlipidaemia was not treated statistically. The only statistical analysis performed was carried out between groups High L and High L þ OS, which describes the effect of dietary OS. A P value ,0·05 was considered to be statistically significant. All the calculations were performed with NCSS 6·01 software (Alsyd, Meylan, France).
Results
General results
At the beginning of the diet, the animals' weights were similar in the three dietary groups (43·5 (SEM 0·4) g). From the second month of diet, the animals fed lard þ cholesterol and lard þ cholesterol þ OS had a lower body weight than control animals (222 %). This difference was amplified at the third month of diet (227 %). Despite this difference, the animals looked healthy as shown by the appearance of the coat and interest in the surroundings. No significant body weight difference was noticed between groups High L and High L þ OS. The dry weight of the hearts of group Low L was higher than that of group High L (þ25 %). That of group High L þ OS ranged between those of the two other groups, but it was not significantly different.
Plasma level of oxycholesterols
Plasma levels of cholesterol and oxidized sterols were quantified in the three dietary groups at the end of the feeding period (Table 1 ). The cholesterol level was increased with the high-lipid diets (þ295 and þ263 % for the groups High L and High L þ OS respectively). The presence of OS in the diet did not contribute to reducing the plasma cholesterol level. The amounts of plasma OS were also affected by the diet. In group Low L, the amount of total OS was low (2·38 (SEM 0·38) mg/ml). The most abundant was 4b-hydroxycholesterol (520 g/kg of total OS). This compound is often difficult to separate from 5,6b-epoxycholesterol in GC analysis. However, in our conditions, it was well separated and its structure was checked by MS and compared with an authentic standard. Although missing in the diet, cholestanetriol was present in noticeable amount (200 g/kg total oxysterols). 24-Hydroxycholesterol, 25-hydroxycholesterol and 27-hydroxycholesterol were present in too low an amount to be quantified with precision. The plasma concentration of 7a-hydroxycholesterol, 7-ketocholesterol and 7b-hydro- Mean values within a row with unlike superscript letters were significantly different (P,0·05). * For details of diets and procedures, see p. 448. † Since the low-lipid diet differed from the high-lipid diets by the type and amount of lipids, the statistical analysis was performed only between groups High L and High L þ OS.
xycholesterol was low (120, 110 and 40 g/kg total OS respectively). 4b-Hydroxycholesterol and 7a-hydroxycholesterol were not affected by the diet. Conversely, cholestanetriol, 7-ketocholesterol and 7b-hydroxycholesterol were increased by the high-lipid diets (þ144, þ144 and þ525 % respectively). The presence of OS in the diet contributed to increasing the amounts of 7-ketocholesterol and 7b-hydroxycholesterol in the plasma (þ32 and þ84 % in group High L þ OS as compared with group High L respectively).
Development of coronary atherosclerosis
Cardiac functioning was evaluated during perfusion according to the Langendorff method. Basal coronary flow (53 (SEM 4), 65 (SEM 5) and 59 (SEM 3) ml/min per g dry weight for groups Low L, High L and High L þ OS respectively) and left ventricular developed pressure (42 (SEM 6), 49 (SEM 6) and 47 (SEM 6) mmHg for groups Low L, High L and High L þ OS respectively) were not significantly affected by the diet. The incorporation of [1-14 C]palmitate into cardiac lipids was investigated during the perfusion procedure. Myocardial incorporation of palmitate was not affected by the diet (2·07 (SEM 0·31), 2·55 (SEM 0·23) and 2·48 (SEM 0·22) nmol palmitate equivalent/g dry weight for groups Low L, High L and High L þ OS respectively; NS). In the myocardium, palmitate was preferentially incorporated in the lipid phase (approximately 1·58 (SEM 0·18) nmol palmitate equivalent/g dry weight) and its b-oxidation (radioactivity incorporated in the acid-soluble phase) was less important (0·72 (SEM 0·09) nmol palmitate equivalent/g dry weight). It was poorly incorporated in the aqueous phase (palmitoylcarnitine and palmitoylCoA) of the Folch extraction (0·07 (SEM 0·01) nmol palmitate equivalent/g dry weight). Palmitate incorporation in the acid-soluble, lipid and aqueous phases was not altered by the diet. More than 60 % of the palmitate incorporated into cardiac lipids was found in polar lipids. Palmitate incorporation in diacylglycerol and triacylglycerol was similar (approximately 15 % of the palmitate incorporated into cardiac lipids), but it was low in cholesteryl esters (4 % of the palmitate incorporated into cardiac lipids). The diet did not alter ACAT activity as estimated as the amount of palmitate incorporated in cholesteryl esters (0·025 (SEM 0·003), 0·022 (SEM 0·003) and 0·026 (SEM 0·006) nmol palmitate equivalent for groups Low L, High L and High L þ OS respectively; NS).
The sterol contents of the myocardium were also quantified (Table 2 ). In group Low L, the main OS were 5,6b-epoxycholesterol, 7b-hydroxycholesterol, cholestanetriol and 5,6a-epoxycholesterol (290, 190, 180 and 170 g/kg total OS respectively). 7-Ketocholesterol and 7a-hydroxycholesterol were present in smaller amounts (90 and 80 g/ kg total OS respectively). The high-lipid diets did not modify 7-hydroxycholesterols, epoxycholesterols and cholestanetriol, but 7-ketocholesterol was similarly increased (þ82 %) in groups High L and High L þ OS. The cholesterol content was higher (þ38 %) in groups High L and High L þ OS than in group Low L.
The influence of the diet on the morphology of coronary arteries was evaluated by transmission electron microscopy. In group Low L (Fig. 2(A) and (B), endothelial cells were smooth and the basal lamina was thin and constant. Moreover, several layers of smooth muscle cells were perfectly organized. In group High L (Fig. 2(C) and (D), the majority of coronary wall was healthy, but some zones were different. In these last zones, the endothelial cells appeared to be healthy whereas the smooth muscle cells were scarce and stretched out. There was no sign of atherosclerosis. On the contrary, in group High L + OS (Fig. 2(E) and (F), the luminal surface of the endothelial cells was scalloped in numerous zones. Some of the smooth muscle cells migrated into the lamina and probably modified their phenotype. The basal lamina appeared to be thick and was located between phenotypically modified and contractile smooth muscle cells. This morphology indicated the development of atherosclerosis. Although the results of electron microscopy are difficult to quantify, the repeatability of the observations at different levels in the coronary vessel of each heart and in each dietary groups suggests that the given conclusions are reliable.
The myocardial Ca concentration was quantified by flame photometry. The amount of Ca was small and not affected by the diet. Furthermore, coronary reactivity to Low L, normolipidaemic diet; High L, hyperlipidaemic diet; High L þ OS, hyperlipidaemic diet containing a mixture of oxysterols; Ch, cholesterol; 7a-OH, 7a-hydroxycholesterol; 7b-OH, 7b-hydroxycholesterol; a-EC, 5,6a-epoxycholesterol; b-EC, 5,6b-epoxycholesterol; CT, cholestanetriol; 7 K, 7-ketocholesterol. * For details of diets and procedures, see p. 448. † Since the low-lipid diet differed from the high-lipid diets by the type and amount of lipids, the statistical analysis was performed only between groups High L and High L þ OS. sodium nitroprusside ð5 £ 10 26 mÞ was evaluated in the three dietary groups. Sodium nitroprusside induced a rapid increase in coronary flow that remained high thereafter. This increase averaged 57 (SEM 3) % of the basal coronary flow. It was associated with a slight enhancement of left-ventricular-developed pressure (þ13 % of basal leftventricular-developed pressure) that was similar in the three dietary groups. Sodium nitroprusside-induced vasodilatation was not affected by the diet.
Coronary spasm
Serotonin was infused into the coronary bed at the final concentration of 5 £ 10 26 m (Fig. 3) . It brought about rapid and constant vasoconstriction corresponding to 213 (SEM 1) % of the basal coronary flow. Left-ventriculardeveloped pressure was also reduced, but to a lesser extent (28 (SEM 2) % of basal left-ventricular-developed pressure). Coronary reactivity to serotonin was altered by the diet. The vasoconstrictive effect was twice as marked in group High L than in group Low L. OS feeding prevented the excess serotonin-induced vasoconstriction observed with the high-lipid diet, reducing the value to that observed in group Low L. The decrease in left-ventricular-developed pressure accompanying serotonin-induced vasoconstriction was not changed by the diet.
Discussion
The aim of the present study was to determine the influence of dietary OS on the cardiovascular system in hyperlipidaemic hamsters, with a particular focus on coronary atherosclerosis and vasospasm. Diets supplemented with 150 g lard þ 30 g of cholesterol/kg were used. These high-lipid diets containing excess cholesterol reduced the body weight of the animals, suggesting a decreased food intake. However, the animals were healthy and the outcome of the experiment was probably not influenced by the weight loss. The high-lipid diets were chosen to mimic conditions where coronary atherosclerosis develops in the hamster (Sima et al. 1990 ). Diets containing a lower cholesterol level also induce atherosclerosis in the hamster, but this has been observed in large vessels (Rong et al. 1997) . Before beginning the study, we hypothesized that the development of atherosclerosis was more resistant in the coronary bed than in the large vessels. These are the reasons why such an excess cholesterol was used. Since the body weight of the animals was decreased by such an excess cholesterol, the animals reached the maximal threshold of ingestion and plasma cholesterol attained a maximum.
Sterols in food, plasma and heart
OS were incorporated into the diet as a mixture containing 7a-and 7b-hydroxycholesterol, 5,6a-and 5,6b-epoxycholesterol, 7-ketocholesterol and trace amounts of 7-hydroperoxycholesterols. These OS are those usually found in human nutrition (Peng & Taylor, 1984) . Furthermore, the mixture was given at a dose of 4 g/kg total dietary sterols, which corresponds to the amount that can be found in man's food (Brown & Jessup, 1999) . The dietary OS are absorbed (Linseisen & Wolfram, 1998) in a proportion ranging from 6 to 93 % (Bascoul et al. 1986 ), but they can also be synthesized in vivo (Axelson & Larsson, 1995; Cader et al. 1997; Dyer et al. 1997) . Using a 18 O inhalation technique, Breuer & Björkhem (1995) ascertained the in vivo formation of numerous OS; only the epoxycholesterols and cholestanetriol were not observed in the present study. However, in other studies, the in vivo formation of these OS was observed (Watabe et al. 1980) . In the present study, we noticed that the plasma of the Low L group contained some OS. The level of most OS was higher in group High L. The group High L þ OS displayed the highest values due to absorption of dietary OS. The level of 7a-hydroxycholesterol and 4b-hydroxycholesterol appears to be well regulated. 7a-hydroxycholesterol is known to be easily transformed in biliary acids and excreted (Anderson et al. 1972; Souidi et al. 1999) . 4b-Hydroxycholesterol was first observed by Breuer (1995) in rat liver and human plasma, as well as in oxidized LDL and atheromatous plaque . However, its metabolism is not known. In our present study, the plasma level of 4b-hydrocholesterol is high as compared with that noticed in rat liver and human plasma. This might be a characteristic of the hamster. In a recent work, we have found much more 4b-hydroxycholesterol in hamster kidney than in rat (A Grandgirard, J Demaison-Meloche, C Alasnier, C Cordelet and L Demaison, unpublished results). Although present in the diet, the epoxycholesterols were not detected at a significant level in the plasma. It is well known that the epoxy-derivatives can be transformed in cholestanetriol in acidic fluid such as stomach secretion (Maerker et al. 1988; Schroepfer, 2000) . This synthesis can also be carried out by an hepatic epoxide hydrolase (Watabe et al. 1980; Sevanian & McLeod, 1986) . The other OS such as 27-hydroxycholesterol and 24-hydroxycholesterol were not quantified in the present study, since they were present in a too low dose to be clearly separated from the baseline. In the literature no information is available about the plasma concentration of these two OS in the hamster. However, since they are involved in the elimination of cerebral (Lutjohann et al. 1996) and cellular (Anderson et al. 1972) cholesterol, it seems logical that their plasma concentration is low. Very little information is available on 7-hydroperoxycholesterols: the main methods used to identify and quantify the OS may destroy the hydroperoxysterols and their stability in diet and tissues is not well known. In this experiment, the hydroperoxycholesterols were not detected in plasma and heart. Hyperlipidaemia (groups High L and High L þ OS) triggered 7-ketocholesterol accumulation in myocardial lipids. Dietary 7-ketocholesterol is rapidly excreted (Lyons et al. 1999 ) via formation of a 27-hydroxylated derivative (Lyons & Brown, 2001 ) and does not accumulate in the aorta. However, 7-ketocholesterol accumulation in the vessel wall can result from excess incorporation of cholesterol. Thereafter, cholesterol can be endogenously oxidized in the cell through radical attack and transformed in 7-ketocholesterol. In the present study, myocardial cholesterol was increased by hyperlipidaemia. This was probably responsible for the hyperlipidaemia-induced increase in 7-ketocholesterol. Moreover, 7-ketocholesterol accumulates in both atherosclerotic lesions of the aorta and macrophage foam cells (Lyons et al. 1999; Lyons & Brown, 2001 ). We did not observe any relation between 7-ketocholesterol and atherosclerosis, since development of atheroma was noticed in group High L þ OS, but not in group High L. These results clearly indicate that vessel accumulation of 7-ketocholesterol is not a marker of atherosclerosis, but rather a sign of excess cholesterol in the cellular compartment that also occurs during atherosclerosis.
Coronary atherosclerosis
In order to evaluate coronary atherosclerosis, several variables were evaluated. Myocardial OS, Ca, ACAT activity and coronary reactivity to sodium nitroprusside are altered during severe atherosclerosis. Myocardial Ca increases due to Ca deposit in the coronary wall (Sima et al. 1990) . ACAT activity can be multiplied by seventy during atherosclerosis (Campbell & Campbell, 1997) , allowing the formation of foam cells and fatty streaks. Similarly, coronary reactivity to sodium nitroprusside is modified only during severe atherosclerosis (Hein & Kuo, 1998) . The fact that these variables were not altered suggests that severe atherosclerosis did not occur in the present study. However, this conclusion must be modulated by the results of coronary electron microscopy. Although we did not develop a method for evaluation of foam cells in the vascular wall, the results obtained by electron microscopy are of great interest. On the one hand, they suggest that atherosclerosis did not occur in group High L. This was surprising, since 3 months of a similar diet induced early coronary atherosclerosis in Golden Syrian hamster (Sima et al. 1990) . In this latter study, the cholesterol used may have contained cholesterol oxidation products or the selected strain of animals may have been more sensitive to the development of atherosclerosis. On the other hand, the electron microscopy showed that atherosclerosis developed in group High L þ OS, suggesting that the dietary OS exhibited atherogenic properties. OS-induced atherogenicity was high, since the hamster strain used in the present study was not sensitive to atherosclerosis. This effect agrees with a large number of animal studies showing that the dietary supply of OS or the endogenous formation of cholesterol oxidation products is responsible for atherosclerosis (Imai et al. 1976; Shih, 1980; Peng & Taylor, 1983; Jacobson et al. 1985; Matthias et al. 1987; Mahfouz et al. 1997; Salonen et al. 1997; Staprans et al. 1998; Rong et al. 1998) . A recent study (Van Poppel et al. 1997) showed no correlation between circulating OS levels and signs of atherosclerosis. However, OS toxicity is high and rapid (Ramasamy et al. 1992; Hughes et al. 1994; Clare et al. 1995; Lizard et al. 1996) . These molecules may act during a short period and be eliminated thereafter, due to intense metabolism and rapid clearance (Breuer & Bjorkhem, 1995) . For Higley et al. (1986) , dietary OS do not favour the development of aortic atherosclerosis in the rabbit, but cholesterol does. This might be explained by an intense in vivo cholesterol oxidation in the rabbit and a low one in the hamster where cholesterol is inefficient. Another study (Lyons et al. 1999) showed that dietary 7-ketocholesterol is rapidly eliminated from the organism. On this basis, the authors suggest that dietary OS make little or no contribution to atherogenesis. However, 7-ketocholesterol was the only OS studied. The other dietary OS can behave differently as compared with 7-ketocholesterol. The results of the present study suggests the contrary. Furthermore, an increased plasma 7b-hydroxycholesterol concentration was observed in a population with a high risk of cardiovascular disease (Zieden et al. 1999) . Our current study indicates that the presence of oxidized cholesterol in the plasma is an important cause of the development of atherosclerosis. Moreover, the diet contained 7-hydroperoxycholesterols. Although their amount was low, they might contribute to the atherogenicity of the dietary OS mixture. To study the effect of OS included in a normolipidic diet on the development of coronary atherosclerosis would be of great interest. This condition cannot mimic a specific dietary situation, since ingestion of OS is automatically associated with cholesterol absorption. However, some patients develop coronary atherosclerosis without displaying hypercholesterolaemia. This suggests intense endogenous OS formation. The normolipidic diet enriched with OS could mimic this situation. Such an experiment could constitute the subject of a future study.
Coronary spasm
Another pathology which is important in coronary heart disease is coronary vasospasm. It brings about chest pain, myocardial ischaemia, infarction and even sudden death. It is partly due to abnormalities in serotonin metabolism (Henry & Yokoyama, 1980) . To investigate the effect of dietary OS on coronary spasm, we evaluated serotonininduced reactivity in isolated perfused heart. Serotonin ð5 £ 10 26 mÞ brought about stable vasoconstriction that averaged 210 % of basal coronary flow in group Low L. Serotonin-induced vasoconstriction was exacerbated in group High L, suggesting the occurrence of vasospasm due to either excess plasma saturated fatty acids and/or cholesterol. The reasons for this phenomenon are not known, but it has already been demonstrated in hypercholesterolaemic and atherosclerotic monkeys (Heistad et al. 1984) . Exposure of smooth muscle cell serotonin receptors might be causal (Yildiz et al. 1998) . Interestingly, dietary cholesterol oxidation products totally prevented excess lipid-induced vasospasm. This indicates that dietary OS exhibit anti-vasospasmic properties. Serotonin acts on endothelial cells by stimulating the synthesis of NO and constricting factors such as superoxide anion, thromboxane A 2 and prostaglandin H 2 (Shimokawa, 1999) . Dietary OS could contribute to modifying the equilibrium between the production of the vasodilator NO and that of the constricting factors. The isoform of nitric-oxide synthase present in vascular endothelial cells, eNOS, is activated by excess intracellular Ca (Ungvari et al. 2001 ) and dietary OS increase intracellular Ca in cultured endothelial cells (Ramasamy et al. 1992) . This could contribute to increasing serotonin-induced NO production. However, the synthesis of constricting factors could be reduced. Our results do not allow the full interpretation of the effect of dietary OS on vasospasm.
Conclusion
Dietary OS exhibit anti-spasmodic activity. However, they cannot be used against coronary spasm, because of their possible atherogenic properties.
